Background The present study evaluated the cellular tissue reaction of two equine-derived collagen hemostatic sponges (E-CHS), which differed in thickness after pressing, over 30 days in vivo. The inflammatory response during physiological wound healing in sham-operated animals was used as control group. Material and methods First, the E-CHS was pressed by applying constant pressure (6.47 ± 0.85 N) for 2 min using a sterile stainlesssteel cylinder until the material was uniformly flattened. Consequently, the original (E-CHS), the pressed (P-E-CHS), as well as the control group (CG; sham operation) were studied independently. The 3 groups were evaluated in vivo after subcutaneous implantation in Wistar rats during 3, 15, and 30 days. Histochemical and immunohistochemical methods provided observations of biomaterial degradation rate, cellular inflammatory response, and vascularization pattern. A derivative of human blood known as platelet-rich fibrin (PRF) was used as an ex vivo model to simulate the initial biomaterial-cell interaction. Segments of E-CHS and P-E-CHS were cultivated for 3 and 6 days with PRF, and the release of pro-inflammatory proteins was measured using ELISA. PRF cultivated alone was used as a control group. Results At day 3, the CG induced a statistically significant higher presence of monocytes/macrophages (CD68+), pro-inflammatory macrophages (M1; CCR7+), and pro-wound healing macrophages (M2; CD206+) compared to E-CHS and P-E-CHS. At the same time point, P-E-CHS induced a statistically significant higher presence of CD68+ cells compared to E-CHS. After 15 days, E-CHS was invaded by cells and vessels and showed a faster disintegration rate compared to P-E-CHS. On the contrary, cells and vessels were located only in the outer region of P-E-CHS and the biomaterial did not lose its structure and accordingly did not undergo disintegration. The experimental groups induced similar inflammatory reaction primarily with positive pro-inflammatory CD68+/CCR7+ macrophages and a low presence of multinucleated giant cells (MNGCs). At this time point, significantly lower CD68+/CCR7+ macrophages and no MNGCs were detected within the CG when compared to the experimental groups (P < 0.05). After 30 days, E-CHS and P-E-CHS were fully degraded. All groups showed similar inflammatory reaction shifted to a higher presence CD206+ macrophages. A low number of CCR7+ MNGCs were still observable in the implantation bed of both experimental groups. In the ex vivo model, the cells and fibrin from PRF penetrated E-CHS. However, in the case of P-E-CHS, the cells and fibrin stayed on the surface and did not penetrate towards materials central regions. The cultivation of P-E-CHS with PRF induced a statically significant higher release of pro-inflammatory proteins compared to the CG and E-CHS after 3 days. Conclusion Altering the original presentation of a hemostatic sponge biomaterial by pressing modified the initial biomaterial-cell interaction, delayed the early biomaterial's degradation rate, and altered the vascularization pattern. A pressed biomaterial seems to induce a higher inflammatory reaction at early time points. However, altering the biomaterial did not modify the polarization pattern of macrophages compared to physiologic wound healing. The ex vivo model using PRF was shown to be an effective model to simulate the initial biomaterial-cell interaction in vivo.
Introduction
Research in the field of biomaterial engineering has allowed the development of biomaterials of different origins with a variety of indications. Collagen is a structural protein that awakens great interest due to its natural abundance and its presence in many biological processes [1] . As a ubiquitous and absorbable biomaterial, it has many clinical applications. For example, the literature describes the use of collagen membranes that serve as a tissue barrier for a determined amount of time and then get integrated into the implantation region [2] . The main purpose is to avoid the invasion of fast-proliferating non-osteogenic cells into bone defects. In this context, these functional collagen membranes allow osteoprogenitor cells to proliferate without the interference of soft tissue [3] . This procedure is widely applied in the field of maxillofacial surgery for bone augmentation procedures and is commonly known as guided tissue regeneration and guided bone regeneration (GTR/GBR) [3] . Additionally, collagen is especially known to be a main player in blood clot stabilization because it triggers platelet activation and consequently the release of coagulation factors [4] . Thus, the freezedrying method is a common technique used to construct hemostatic collagen-based sponges of big pores that support platelet aggregation and clot stabilization [5] .
Collagen is extracted and purified from a variety of animal sources, i.e., bovine, porcine, avian, or equine, which has been described to provide the resulting biomaterials with unique physicochemical characteristics, such as pore size, pore morphology, stiffness, surface chemistry, and topography [6, 7] . Additionally, the manufactured collagen-based biomaterials have been designed with supplementary properties to adequately fit specific indications. Ex vivo, in vivo, and clinical studies have contributed to identify the physicochemical characteristics of biomaterials as the feature determining the initial cell-biomaterial interaction, the inflammatory cellular reaction, and the vascular formation [8] . In this sense, a systematic series of studies from our group recognized biomaterials that after implantation induced a physiological cellular reaction composed of mononuclear inflammatory cells [2, 9] . This observation derived from the subcutaneous implantation in rodents of two non-cross-linked collagen matrix of porcine origin [2, 9] . These histological results were correlated with those of histological samples from clinical cases, in which one of the abovementioned membranes was used to treat patients diagnosed with gingival tissue recession and for GTR of facial defects after skin cancer removal [2, 10] . A second type of biomaterials includes those which induce the fusion of macrophages into biomaterial-related multinucleated giant cells (MNGCs). MNGCs are said to be the manifestation of a pathological cellular reaction towards the implantation of biomaterials [11, 12] . The subcutaneous implantation of two noncross-linked, collagen-based biomaterials of porcine origin induced a pathological cellular reaction composed of MNGCs and underwent early degradation after 30 and 60 days [13] . In order to prolong the barriers stability over time, several cross-linking methods have been applied. The physical or chemical cross-linking methods include the use of ultraviolet light, hexamethylene diisocyanate, diphenylphosphoryl azide, and glutaraldehyde and aim to increase the membranes stiffness in order to slow down its reabsorption kinetics [14] . Additionally, collagen membranes have been designed as bilayers containing a spongy layer and a compact layer that avoid the complete penetration of cells. The bilayered design allows membranes to remain in the implanted region for up to 6 months [1, 15] . However, the chemical cross-linking and the resulting physicochemical characteristics were shown to have a toxic effect on cell metabolism and induce a pathological inflammatory cellular response [12, 16] . Natural cross-linking was recently introduced as an alternative to chemical crosslinking. This method makes use of a natural sugar molecule called ribose to reconstruct collagen fibers [17] . The studied biomaterial did not show signs of degradation after 30 days. Nevertheless, this method also induced the formation of MNGCs. Therefore, depending on the physicochemical characteristics, this type of biomaterials undergo two pathways: (a) breakdown of its native structure led by MNGCs (disintegration) and (b) induce the formation of MNGCs while retaining their space holding capacity without losing their native structure (integration) [13, 18] .
Furthermore, macrophages are characterized by the reversible plasticity of their phenotype and functional polarization into "classically activated" macrophages (M1) or "alternatively activated macrophages" (M2). The polarization signals are provided by apoptotic cells, hormones, immune complexes, or cytokines produced by lymphocytes. It is commonly accepted that the polarization of M1 macrophages occurs in the presence of a pro-inflammatory stage during wound healing. Once the polarization into M1 takes place, they produce proinflammatory cytokines such as IFN-γ, TNF-α, and IL-23, and express the protein chemokine receptor type 7 (CCR7) [19] . On the contrary, M2 macrophages are associated with tissue remodeling and wound healing. Polarization of macrophages into M2 phenotype induces the production of antiinflammatory cytokines such as IL-10, IL-1Ra, TGF-β, and the expression of the mannose receptor (MR, also known as CD206) [12, [19] [20] [21] [22] . The reversible plasticity of macrophages and their subpopulation as part of the inflammatory body response to biomaterials continues to be a topic of research as they have been shown to mediate tissue homeostasis [19] .
The categorization of the inflammatory cellular reaction to biomaterials in the aforementioned findings is the result of observational studies. Simultaneous observations of the physical and chemical characteristics make it difficult to discern between their individual effects in the inflammatory cellular reaction. It is hypothesized that modifying the original presentation of a collagen sponge, i.e., by pressing it before its implantation without further modifications, could alter the initial inflammatory cellular reaction. Therefore, the present histological study aimed to investigate the influence of modifying a non-cross-linked equine-derived collagen hemostatic sponge (E-CHS) over the inflammatory cellular reaction using the previously described ex vivo and in vivo study protocols [23] . Additionally, a pressed collagen sponge might fulfill the requirements of a collagen membrane for GBR/GTR.
Material and methods

Biomaterial description
Parasorb fleece HD® is an E-CHS indicated after tooth extraction and soft tissue injuries to achieve hemostasis. According to the manufacturer, it should be applied directly to a dry area with a light pressure for 2-3 min to achieve adhesion and stop bleeding. The sponge structure of the biomaterial allows it to absorb high quantities of fluid. This E-CHS is processed through strict quality requirements to obtain a biocompatible and absorbable product of high purity.
Modification of the collagen sponge biomaterial
With the purpose of evaluating the interaction of the biomaterial's physical characteristics with its environment, the original shape of the E-CHS was altered by applying constant pressure (6.47 ± 0.85 N) for 2 min using a sterile stainless-steel cylinder until the material was uniformly flattened ( Fig. 1a, a' ). The applied force was measured using a digital analytical balance. Both the E-CHS in its original form and P-E-CHS were cut into segments of 1 cm 2 and assessed ex vivo and in vivo as described below. During the study, the authors refer to E-CHS and P-E-CHS as two different biomaterials. Measurements of E-CHS and P-E-CHS were recorded using a digital caliper (Table 1) . Images were obtained using a stereoscopic microscope (Stemi SV11; Carl Zeiss Meditec AG, Germany) ( Fig. 1 ).
Ex vivo
The experiment was performed in triplicate, and human donors signed an informed consent after explaining to them the risks of blood withdrawal. Ethical approval for the manipulation of human samples was obtained from the ethical committee of the Goethe University of Frankfurt (IRB No. 265/17). Three healthy donors without reported blood dyscrasias or under medications participated in the study. A derivative of human blood, including a suspension of cells (platelets, leukocytes), growth factors and fibrin [24] , known as liquid platelet-rich fibrin (PRF), was used as an instrument to mimic the initial biomaterial-cell interaction and to evaluate the following parameters:
a) The biomaterials' absorption coefficient b) The fibrin's and cell's penetration within the biomaterial c) The biomaterials' influence over the inflammatory cells in liquid PRF
As previously described, 40 ml of blood was withdrawn according to the best practices in phlebotomy [25] into four 10-ml sterile plastic tubes (Process for PRF, Nice, France) and centrifuged using a table-top centrifuge (Duo centrifuge, Process for PRF, Nice, France; 11 cm radius-max, fixed angle 41.3°) following a standardized protocol known as the "lowspeed centrifugation concept" (600 rpm, 44×g, 8 min) [26] . An average of 4 ml of liquid PRF was obtained from each tube. Care was taken to remove only the superior liquid fraction of the tubes using a 1-ml pipette tip and used in the subsequent steps of the study. Six segments of 1 cm 2 of E-CHS and P-E-CHS were initially weighted, and the values were recorded as the initial weight at dry state (W0). All segments were deposited at the base of 24-well cell culture plates. Two segments were covered with distilled water and four with 1 ml of liquid PRF. As a control measurement, 1 ml of liquid PRF was deposited in two wells and cultivated without biomaterial. Sterile conditions were maintained during the period of cultivation. The well plates were kept for 15 min under environmental controlled conditions (37°C in an atmosphere of 5% CO 2 and 95% humidity) until the liquid PRF clotted ( Fig. 1E ). Two segments containing distilled water and 2 with liquid PRF were removed from the cell culture plate, and the weight of the biomaterials were recorded as the weight in a wet state (W1). The liquid PRF absorption coefficient (iPAC) and the water absorption coefficient (WAC) of E-CHS and P-E-CHS were calculated using a gravimetric method according to the following equation [4] :
shows the formula to calculate the liquid PRF absorption coefficient: W0 represents the biomaterial's initial weight at dry state and W1 the weight in a wet state.
Subsequently, the segments were fixed with 4% buffered formalin (Roti-Histofix 4% acid-free pH 7, Carl-Roth, Germany) for histological evaluation. To the remaining biomaterials and liquid PRF, 1 ml of cell culture medium (Dulbecco's modified Eagle's medium) (Biochrom GmbH, Berlin, Germany) with 1% penicillin/streptomycin was added to the well plates for cell culture. The supernatant was collected on the 3rd and 6th days and stored at − 80°C. The concentration of interleukin 8 (IL-8) and tumor necrosis factor-alpha (TNF-α) were measured in the collected supernatants using a quantitative sandwich DuoSet ELISA kit (R&D Systems, Minneapolis, USA) following the manufacturer's instruction. The absorbance assay was conducted using a microplate reader (Infinite M200, Tecan, Grödig, Austria) set to a wavelength of 450 nm with a reference reading at 570 nm. The calculated concentrations of E-CHS and P-E-CHS were relatively quantified with respect to liquid PRF without biomaterial.
In vivo
The animal experiment was designed and conducted according to the ARRIVE guidelines and the EU Directive 2010/63/ EU for animal experiments [27] . Ethical approval was obtained from the regulating authorities of Darmstadt, Germany and the ethical committee of the University of Frankfurt (Approval No. FK/1023). Animals were housed in groups under hygiene standards in the animal facility (ZTE) belonging to the Department of Medicine of the University of Frankfurt. Thirty Wistar rats (Rattus norvegicus) were purchased from Charles River (Sulzfeld, Germany) aged 6 to 8 weeks, weighting approx. 200 g. Prior to surgery, the animals were kept 7 days for acclimatization under control conditions (Temp 20°C, light/dark cycles of 12 h and humidity of 40 to 70%). They were fed with rodent pallets and water ad Results are presented as mean ± standard deviation. Differences were considered statistically significant if the P values were < 0.05 (*) and highly significant if the P values were < 0.01 (**), < 0.001 (***), and < 0.0001 (****).
libitum. The animals were divided into two groups of 12 animals; group 1 was implanted with E-CHS and group 2 with P-E-CHS. Additionally, 4 animals per time point (12 in total) were included as a control group (Sham operation). Anesthesia was induced through an intraperitoneal injection mixture of ketamine/xylazine (100 mg/kg/5 mg/kg). The animals were placed in prone position and anesthetic depth was verified by the absence of the toe reflex. Under sterile conditions, a subcutaneous pocket was prepared by performing a 2cm skin incision in the infrascapular area and dissection of the subcutaneous tissue. The biomaterial was cut in segments of 1 cm 2 and placed above the muscle's fascia. The tissue was sutured using a 4-0 polypropylene (Prolene Ethicon, NJ, USA). Follow-up was carried out according to a standard score sheet, and analgesia was managed with tramadol (1-3 mg/kg/day) administered orally through the drinking water for 1 day. At each time point, 3, 15, and 30 days post-operatively, 4 animals per group and 4 shamoperated animals were euthanized with an anesthetic overdose. The biomaterials with the surrounding tissue were explanted and preserved in 4% buffered formalin (Roti-Histofix 4% acid-free pH 7, Carl-Roth, Germany) during 24 h for further histological evaluation.
Histological/immunohistological staining and qualitative evaluation
As previously described [9] , the samples were divided into 2mm segments and processed using an automatic tissue processor (Leica TP1020). Paraffin blocks were sectioned in 3-4μm slides using a microtome (Leica RM2255, Wetzlar, Germany) and stained with hematoxylin and eosin (H&E) as a first general screening step. The slides obtained from the paraffin blocks representing the most optimal cross-section of the biomaterials, at each time point of explantation and group, were selected for further evaluation. From each paraffin block, 7 consecutive slides were histologically stained as follows: 1st H&E, 2nd Azan, 3rd Mazon Goldner; the remaining 4 slides were immunohistochemically (IHC) stained using an autostainer (Lab Vision™ Autostainer 360, Thermo Scientific), and the antigen retrieval was performed using the heat-induced epitope retrieval (HIER) method using a water bath (VWR®, Germany) at 95°C for 20 min ( Table 2 ). The 4th slide was stained IHC with CD 68 antibody (pan marker for the monocyte/macrophages linage) and the 5th with α-Smooth Muscle Actin (α-SMA; vessel identification). The 6th slide was IHC stained with CD206 (M2 macrophages) and the 7th with CCR7 (M1 macrophages). Additionally, one slide from the samples was selected randomly and added as a negative control without the application of the primary antibody. The resulting slides were qualitatively evaluated using a light microscope (Nikon Eclipse 80i, Tokyo, Japan). Representative histological images were captured with a Nikon DS-Fi1 digital camera and a Nikon Digital sight unit DS-U3 (Nikon, Tokyo, Japan) and controlled running the Nikon's NIS-Elements imaging software.
Quantitative histomorphometric evaluation
Through an automatic procedure and using the automatically motorized stage of a Nikon ECLIPSE 80i histological microscope, a total of 150-200 images were taken at × 20 magnification from each slide. The large image settings from NIS-Elements software (Nikon, Tokyo, Japan) was used to form a large image or "total scan," allowing the total visualization of the sample in one single image and the histomorphometric analyses.
Biomaterial degradation
The degradation rate of E-CHS and P-E-CHS in vivo was measured by performing measurements of the implantation bed after 3, 15, and 30 days. Using the NIS-Elements software (Nikon, Tokyo, Japan), fifteen cross-sectional measurements distributed longitudinally through the biomaterial were recorded and the results were expressed in square millimeters and as the mean (SD) of the measurements from 4 samples (4 different animals) at each time point. The results from days 15 and 30 were compared to day 3 and statistically analyzed.
Category of the cellular inflammatory reaction
Using the manual "annotations and measurements" tool from NIS-Elements software, the presence of MNCs (CD68+), MNGCs (CD68+/CCR7+), M2 macrophages (CD206+), and M1 macrophages (CCR7+) were quantified. From each individual slide at 3 and 15 days (4 per time point and group), the total number of counted cells was divided by the total area of the implantation bed as a relative measurement to the cellular reaction of E-CHS and P-E-CHS. At 30 days of implantation, due to biomaterial degradation and wound healing, a mean area obtained from the measurements of all slides was used as normalization to define the inflammatory cellular reaction. The results were expressed as CD68+ MNCs/mm 2 (M1/M2) and MNGCs/mm 2 with statistical intragroup and intergroup comparison between time points. 
Vascularization pattern
The vascular structures were identified by the formation of a clear lumen, cell deposition, and the positive immunostaining with α-SMA. Using the "area annotation" tool of the NIS-Elements software, the vascular structures in the implantation bed and within the biomaterial were manually delineated. The results were expressed firstly as "density vascularization," calculated as the total number of vascular structures divided by the total area of the biomaterial and its implantation bed. Secondly, the "percentage vascularization" was calculated by dividing the total lumen area by the total biomaterial's area.
The results were expressed as vessel per square meter and percent respectively with statistical intragroup and intergroup comparison between time points.
Statistics
Primary end points were the characterization of the initial biomaterial-cell interaction and the inflammatory cellular reaction in terms of the induction of MNGCs and the vascularization pattern. The secondary outcomes were absorption coefficient (iPAC); biomaterial degradation; and the signaling of molecule expressions CD68, CCR7 (M1), and CD206 (M2). Sample size was calculated (n = 4) according to previous studies [17, 28, 29] . Statistical analyses were carried out using GraphPad Prism 7.0 software (GraphPad Software Inc., La Jolla, CA, USA). All results of the ex vivo assay and in vivo experiments were analyzed using two-way analysis of variance (ANOVA) with a Tukey multiple comparisons test (α = 0.05, 95% CI of diff.) of all pairs. The results are presented as the mean and standard deviation (SD) and depicted in graphs. Intragroup (Control group ▪) (E-CHS •) (P-E-CHS )/intergroup (*) differences were considered statistically significant with a significance level of P < 0.05.
Results
Ex vivo
After applying constant pressure to E-CHS for 2 min, it did not recover its shape at dry stage (Table 1) . Three layers are observable in both biomaterials: a superior and inferior thin and compact layer (CL) and a middle sponge layer (SL) ( Fig.  1a, a' ). Histologically, the pore's geometry of E-CHS is of irregular shape and of bigger size compared to P-E-CHS, which pores are horizontally disposed ( Fig. 1b, b' ). In the case of E-CHS, the fibrin entered the biomaterial and formed a network inside the pores. Additionally, the cells are penetrating the outer third of the biomaterial's body, but without reaching the center region ( Fig. 1c, d) . The observations in P-E-CHS are the opposite; the biomaterial's structure prevented the fibrin and the cells to enter the biomaterial's body as they are only observed on the surface ( Fig. 1c', d' ). Furthermore, the results exhibited E-CHS as a hemostatic sponge with a mean WAC of 13-fold and an iPAC of 8-fold its original weight. The results showed a reduction of the mean WAC and iPAC capacity of P-E-CHS to 6-and 5.6-fold, respectively. The WAC from E-CHS showed statistically significant results compared to P-E-CHS (P < 0.05 *) ( Fig. 1e, f) . The measurements of the pro-inflammatory proteins TNF-α and IL-8 were barely measurable in the CG (PRF alone) at 3 days and 6 days. In both experimental groups (PRF + E-CHS and PRF + P-E-CHS), a change in the protein profile was detected. There was a significant increase of TNFalpha after 3 days in the PRF + P-E-CHS group compared to the CG (P < 0.001 ***) and to the PRF + E-CHS group (P < 0.01 **). The measurements of the PRF + E-CHS group were also significantly higher than the CG (P < 0.01 **) at this time point. Furthermore, a higher release was measured at 6 days in both experimental groups compared to the CG (P < 0.05 *), while no differences were observed when comparing E-CHS and P-E-CHS. P-E-CHS's release of IL-8 was higher with statistically significant results compared to the CG (P < 0.01 **) and to PRF + E-CHS at day 3 (P < 0.05 *). After 6 days, both E-CHS and P-E-CHS showed a higher release of IL-8 with statistically significance compared to the CG (P < 0.05 * and P < 0.01 ** respectively). No differences were measured between P-E-CHS and E-CHS ( Fig. 1g, h ).
In vivo
All animals survived the surgery and wounds healed uneventfully during the study without adverse reaction. No signs of loss of body weight or exacerbating inflammatory signs were recorded at any of the study time points.
Qualitative histological analyses
After 3 days, the highest number of macrophages (CD68+) was observed in the control group (CG; sham-operated) surrounding the subcutaneous pocket. The presence of CCR7+ cells (M1 macrophages) was slightly higher than CD206+ cells (M2 macrophages). The observed vascular structures were of native origin. Thereafter, the presence of the inflammatory cells progressively reduced at day 15 and day 30. Nevertheless, at 30 days, the observed number of CD206+ cells was higher than the number of CCR7+ cells. No MNGCs were present during the observation period. An increase in vascular structures was detected at day 15 with a posterior reduction after 30 days. In the experimental groups, after 3 days of implantation, both biomaterials were found in the implantation bed with no signs of material degradation. A change in the porous size in the outer third of E-CHS was observed, as it appears to be slightly pressed. The remaining two most interior thirds of E-CHS maintained its structure and the space of the implantation area ( Fig. 2a) . P-E-CHS preserved the appearance of a pressed structure at this time point. Its pores are of smaller size forming rectangular shapes and disposed horizontally ( Fig. 2d ). At this time point, the biomaterial-cell interaction of E-CHS and P-E-CHS was different. Inflammatory cells surrounded the surface of E-CHS, and the cells penetrated the outermost third of E-CHS's body. In the case of P-E-CHS, inflammatory cells were surrounding the surface and cells accumulated on the surface of the biomaterial. In both biomaterials, the inflammatory reaction consists of MNCs, which are mostly CD68+/CCR7+ (Fig. 3c,  d, g, h) . At this time point, MNGCs were not observed in the implantation bed.
After 15 days of implantation, E-CHS and P-E-CHS were found in the implantation bed but P-E-CHS was showing higher signs of degradation. Two different cell-biomaterial interactions were again observed at this time point. E-CHS was well integrated into the implantation bed and its structure and pores are hardly identified as the biomaterial's body was fully invaded by cells and granulation tissue (Fig. 2b) . The presence of vascular structures was identified in the implantation bed and inside the biomaterial's center (Fig. 6a) . P-E-CHS integrated into the implantation bed, but the cells were mainly surrounding the biomaterial and invaded only the outer-third of the biomaterial's body ( Fig. 2e ). Vascular structures were mainly observed surrounding the biomaterial and the implantation bed Fig. 6b ). In both groups, a higher number of inflammatory cells were observed compared to day 3 consisting of a higher number of CD68+/CCR7+. A reduced number of MNGCs were observed at this time point ( Fig. 3a'-h') .
By day 30 of implantation, E-CHS and P-E-CHS fully degraded and inflammatory cells were observed surrounding the remaining fibrils of the biomaterials. A low number of residual macrophages, CD68+/CCR7+ MNGCs, and micro-vessels were observed within the implantation bed (Figs. 2c, f and 4 ).
Quantitative histomorphometric evaluation
Biomaterial thickness
The histomorphometric measurements of the implantation bed taken on day 3 showed that E-CHS and P-E-CHS had comparable mean thickness without statistical differences at this time point. After 15 days of implantation, the intragroup comparison showed that E-CHS had a thickness reduction of 0.7-fold, which was statistically significant ( P < 0.0001 ••••) compared to day 3. The structure of P-E-CHS did not disintegrate as fast as E-CHS and after 15 days of implantation had a thickness reduction of 0.3-fold. The results showed statistically significant thickness reduction of E-CHS compared to P-E-CHS at this time point (P < 0.0001 ****).After 30 days post-implantation, only small fragments of E-CHS and P-E-CHS were found in the implantation area (P < 0.0001 ••••/••••) (Fig. 2g) .
The inflammatory pattern of macrophages
Three days after implantation, the highest number of CD68+, CCR7+, and CD206+ MNCs were found in the implantation bed of the CG with statistically significant difference compared to E-CHS (P < 0.001 ***; P < 0.0001 ****; P < 0.001 ***, respectively) and P-E-CHS (P < 0.05 *; P < 0.0001 ****; P < 0.001 ***, respectively) ( Fig. 5a-f ). The experimental groups did not show intergroup statistically significant differences at this time point. After 15 days, the number of CD68+ MNCs in the CG considerable reduced compared to day 3 (P < 0.01 ▪▪). The experimental groups showed the opposite cellular reaction with an increase of CD68+ MNCs in the implantation bed. The intragroup comparison showed that the number of CD68+ MNCs observed in E-CHS at this time point was statistically significantly higher compared to day 3 (P < 0.01 ••). Additionally, the CD68+ cells in the E-CHS group at this time point were statistically significantly higher compared to the CG (P < 0.05 *). The number of pro-and antiinflammatory macrophages (CCR7+; M1/CD206+; M2) in the CG followed the same tendency as the CD68+ MNCs. After 15 days of implantation, there was a reduction in the number of CCR7+ (P < 0.001 ▪▪▪) and CD206+ (P < 0.05 ▪) MNCs in the CG, which was statistically significant lower compared to day 3. The pro-and anti-inflammatory macrophages observed in the experimental groups showed at this time point a different polarization pattern. A significant increase of CCR7+ MNCs was observed in both biomaterials. However, only the number of CCR7+ MNCs observed in P-E-CHS at day 15 was statistically significant compared to day 3 (P < 0.05 •). The intergroup evaluation showed that the higher number of CCR7+ MNCs measured in E-CHS and P-E-CHS at this time point was statistically significant compared to the CG (P < 0.01 **; P < 0.05 *). Interestingly, the number of CD206+ MNCs in the implantation bed of both biomaterials showed comparable values to those measured at day 3. At day 30, a significant reduction of CD68+ and CCR7+ MNCs was observed in the control and the experimental groups. Nevertheless, the number of CD68+ MNCs measured in P-E-CHS continues to be higher compared to the CG with statistical significance (P < 0.05 *). At this time point, remarkably, there was a shift of the polarization pattern of all groups towards a higher number of CD206+ MNCs compared to the MNCs expressing the proinflammatory marker CCR7, thus without statistically significant results (Fig. 5c, f) .
Vascularization pattern
The density and percentage area of vascularization were evaluated within the implantation bed and inside the biomaterial's body (Fig. 6e, f) . The results at day 3 in the CG, E-CHS, and P-E-CHS showed comparable results with no statistical differences at this time point. At day 15, the measurements increased in all groups considerably. However, the results in the CG were no statistically significant compared to day 3. The E-CHS and P-E-CHS groups, on the other hand, showed a significantly higher vessel density and percentage area of vascularization compared to day 3 (P < 0.0001 ••••, ••••, respectively). At this time point, the intergroup comparison showed statistically significant higher vessel density in the E-CHS group compared to the CG at day 15 (P < 0.0001 ****). Additionally, the results showed statistically significant higher percent of vascularization in the experimental groups compared to the CG (E-CHS: P < 0.0001 ****; P-E-CHS: P < 0.05 *). On day 30, only a reduced number of vessels were observed at the implantation bed and surrounding small fragments of the biomaterial.
Correlation of the inflammatory cellular reaction ex vivo and in vivo to the biomaterials
The results ex vivo and in vivo showed the same pattern of inflammatory reaction. At day 3, the measurements ex vivo of TNF-α and IL-8 of the P-E-CHS group induced a higher release of TNF-alpha and IL-8 compared to E-CHS (P < 0.01 **). In vivo, after 3 days, similar results were observed in the P-E-CHS group with a higher inflammatory CD68+ cells compared to the E-CHS group (P < 0.05 *). Moreover, after 6 days of cultivation ex vivo, both experimental groups showed higher release of TNF-α and IL-8 compared to the CG and no differences between them. The same reaction was observed after 15 days in vivo, as both experimental groups induced a higher inflammatory reaction compared to the CG, while there were no differences between them (Table 3 ).
Discussion
The aim of the present investigation was to evaluate the effect of the physical characteristics of a biomaterial in the inflammatory cellular reaction and have a closer look into the biomaterial-cell interaction. For this purpose, an E-CHS was selected because it allows a change of its original presentation without chemical modifications. Additionally, a recently introduced method was put in practice to characterize the biomaterial-cell interaction ex vivo and in vitro. Liquid platelet-rich fibrin was used as a model to reproduce the initial contact between inflammatory cells and biomaterials. The rationale behind the use of PRF lies in its high content of inflammatory cells and the depleted number of erythrocytes. Liquid PRF is a blood-derived cell concentrate of autologous use in the clinical practice to improve wound healing, reduce pain and for the supplementation of acellular biomaterials with living cells prior to implantation-a procedure known as "biologization" [30] [31] [32] . Recent studies from our research group are providing histological insights as to how biologization occurs [17, 33] . Furthermore, the production of PRF matrices following the systematic approach of the LSCC showed in vitro and in vivo induction of angiogenesis [34] [35] [36] . Moreover, the biomaterials were evaluated in vivo following an established method of subcutaneous implantation in rodents. This animal model has shown its relevance as a mean to understand the inflammatory cellular reaction to biomaterials. The histological results of systematically conducted studies in Wistar rats have shown its similarities to histological results from clinical studies [2] .
It was observed ex vivo that pressing E-CHS turned the biomaterial into a compact structure. It was also observed that once the biomaterials came into contact with distilled water and liquid PRF, the pores expanded and the biomaterials absorbed a high quantity of fluid. This is of relevance, as the capacity to absorb fluid has been linked to higher hemostatic performance and increased tissue regeneration [37, 38] . In this sense, we introduced for the first time the iPAC measurement as a tool to determine the functionality of biomaterials to Goat anti-rabbit IgG-B AEC transport liquid PRF. Furthermore, it was measured in vivo an increase of the size of P-E-CHS histomorphometrically, which is consequent with the observations ex vivo. Interestingly, although P-E-CHS remain permeable to the surrounding fluid with an increase of its pore's size ex vivo and in vivo, at 15 days post-implantation, it remained cell-occlusive, as the cells did not penetrate the biomaterial's center ( Fig. 2e, g) . A similar biomaterial-cell interaction was observed in a previous study from our group. A cross-linked collagen membrane of bovine origin was implanted subcutaneously in Wistar rats and after 10 days of subcutaneous implantation, it increased its size 0.5-folds. After 30 days of observation, the collagen membrane retained its barrier function [33] . Studies at the nanoscale have shown that during the first contact of a biomaterial with blood, proteins are absorbed at the biomaterial's surface. The absorbed proteins create an interface that regulates the functionality of the immune cells [39, 40] . The results from this study support the assumption that the biomaterial- cell interaction and the inflammatory cellular reaction are highly determined by their initial contact. Notably, the shift in size after biomaterial implantation did not modify the subsequent inflammatory cellular reaction. Further studies have described that variations in the pore size, pore geometry, stiffness, and surface topography also modulate the inflammatory environment [41] . In the present study, the ex vivo results indicate that the combination of PRF and biomaterials significantly enhanced the release of TNF-a and IL-8 compared to PRF alone. Additionally, changing E-CHS to a pressed biomaterial induced the highest stimulus of the inflammatory cells within liquid PRF (Fig. 1g, h) . The evaluated pro-inflammatory proteins ex vivo, IL-8 and TNF-α, have been reported to be potent inflammatory chemokines that induce neutrophil migration [42] . In this sense, the higher release of TNF-α and IL-8 induced by the biomaterials ex vivo might explain the higher number of CD68+ MNCs observed in the implantation bed of the biomaterials in vivo compared to the CG after 15 days. Besides the induction of neutrophil migration, IL-8 has been described to be a potent pro-angiogenic chemokine that upregulates the vascular endothelial growth factor (VEGF) mRNA in endothelial cells [43] . The results provide a rationale behind the improvement of wound healing in clinical studies when liquid PRF is applied in combination with biomaterials [31] . In summary, after modifying E-CHS by pressing it, the two biomaterials showed different biomaterial-cell interaction and the pressed biomaterial stimulated a higher release of liquid PRF's secretome ex vivo.
In vivo, the inflammatory cellular reaction was primarily integrated by macrophages during all time points with a small number of MNGCs. Furthermore, cells penetrated completely E-CHS and only partially P-E-CHS after 15 days. This category of inflammatory cellular reaction led by macrophages, prone to biomaterial's macrophage degradation accompanied by enzymatic lysis, has been previously reported by our research group [10] . Using the subcutaneous implantation model, the inflammatory cellular reaction to a bilayer, non-crosslinked matrix, manufactured from collagen I/III and harvested from porcine's skin and peritoneum, was investigated over 60 days. By the end of the study, the histological observations depicted a membrane undergoing degradation performed by macrophages in the absent of MNGCs [2] . A different inflammatory cellular reaction was observed in a further collagen membrane with analogous characteristics (i.e., bilayered, non-cross-linked, manufactured with collagen type I/III and harvested from pericardium). After 60 days, the compact layer of the biomaterial was not penetrated by cells and the surrounding inflammatory cellular reaction induced by the spongy layer showed a high number of MNGCs [18] . The presence of MNGCs led to a total disintegration of the spongy layer and loss of the initial structure. The physical characteristics of a biomaterial that allow cells to penetrate the biomaterials' body seem to diminish the fusion of macrophages into MNGCs independently of the chemical properties and the degradation pattern. The fusion of macrophages was previously described as a frustrated attempt of phagocytosis [44] . In this sense, there may be other factors stimulating the fusion of macrophages into MNGCS than mainly frustrated phagocytosis. It has been shown that biomaterials of reduced porosity and increased stiffness are less susceptible to degradation and provide a higher surface area for cells to attach and spread, leaving the cell's surface for a longer time exposed to body-fluid shear forces [45] . Previous studies, for example, have shown that the effect of the body-fluid shear forces over endothelial cells stimulate a higher release of VEGF [45] . Thus, the body-fluid shear forces might be stimulating the fusion of macrophages into MNGCs and at the same time inducing angiogenesis by stimulating the release of VEGF from the surrounding endothelial cells (EC) [23, 45, 46] . In the case of cross-linked collagen biomaterials, this assumption is supported by previous findings from our group where the presence of MNGCs is generally surrounding the broken down segments during biomaterial disintegration. The same can be said of MNGCs surrounding granules of bone-substitute biomaterials independent of their morphology and tissue of origin [17, 47] . Biomaterial's segmentation during the disintegration process may translate into a higher surface area and thus a higher number of cells exposed to body fluid shear forces. This would explain the steep increase in the number of MNGCs observed during the disintegration process of biomaterials.
In the present study, both biomaterials induced a reduced number of MNGCs at 15 and 30 days of implantation. In both time points, they were expressing a pro-inflammatory (CCR7+) marker rather than an anti-inflammatory (CD206+) marker. Contrary to the macrophages, the remaining MNGCs in the implantation area continue to express the pro-inflammatory marker CCR7 after 30 days, confirming their involvement in chronic inflammation [23] . These results are in accordance with a recently published histological study in humans that investigated biopsies of patients undergoing sinus floor elevation with bone substitute biomaterials. Similar to the present study, it was concluded that independently of the physicochemical characteristics of the biomaterials, after 6 months, MNGCs expressed the pro-inflammatory marker CCR7 [11] .
In order to further understand how the physical characteristics of both biomaterials influenced the inflammatory cellular reaction, the polarization pattern of macrophages was identified using immunohistochemistry. It was observed that macrophage's polarization was dominated by M1 macrophages (pro-inflammatory) during the course of the study. The presence of M2 macrophages did not greatly vary after 3 and 15 days post-implantation and remained in a lower number compared to M1 macrophages during the early stages of healing. After 30 days, the implantation area seems to be achieving homeostasis and entering a reparative stage as a similar shift towards an anti-inflammatory pattern was observed in the control and the experimental groups, characterized by a transition towards a higher presence of M2 macrophages. It is not possible to precise exactly when this shift took place, as no observations were taken between days 15 and 30. Nevertheless, the implantation of biomaterials may have induced a chronic inflammatory cellular reaction with a higher presence of M1 macrophages that extended until day 15 of implantation and regressed to a similar wound healing process as the CG after 30 days. Although M2 macrophages are said to have an anti-inflammatory effect due to the release of antiinflammatory growth factors, the results of our study indicate that the reduced number of M2 macrophages at early stages of wound healing might be playing a regulatory role that avoids the exacerbation of inflammation. A recent study has shown that biologic materials, i.e., extracellular matrix scaffolds, induce higher expression of the pro-inflammatory CD206+ marker on macrophages at an early time point of wound healing [41] . It may be favorable for the regeneration process to stimulate M2 macrophages at earlier time points. However, if this translates into clinical observations of accelerated wound healing requires further research. Based on our results, a pressed biomaterial did not change the physiologic polarization pattern of macrophages. Further studies with a detailed screening of the cytokine profile after biomaterial implantation, together with gene knockdown animal models, may help further characterize macrophage polarization.
Numerous characteristics of collagen biomaterials are associated with the animal source, the harvesting compartment, and the manufacturing process. For example, matrix porosity and pore morphology were shown to be animal sourcedependent [48] . A study comparing collagen extracted from bovine, porcine, and avian source concluded that the bovine and avian collagen produced collagen sponges with the smallest and largest pores, respectively [6, 48] . An additional study demonstrated the variability of the inflammatory cellular reaction implanting subcutaneously in mice 2 collagenbased biomaterials extracted from the same species but harvested from different compartments (Pericardium vs. Dermis) [18] . Based on our findings, it is feasible to assume that the same applies for the E-CHS, providing a different chemical composition as well as physical properties compared to other animal sources. The question that rises is whether the results are reproducible using hemostatic non-cross-linked collagen sponges of different chemical compositions or origins.
Taken together, the data in this study add to the growing body of evidence that exhibits the presence of a cell sensingmechanism being triggered by the physical characteristics of biomaterials during the initial biomaterial-cell interaction [49, 50] . Consequently, modulation of the inflammatory pattern by the physicochemical characteristics of biomaterials and biomaterials with a shape-shifting capacity post-implantation could have future clinical indications. A limitation of the study may be the absence of characterization of the mechanical properties and surface chemistry of the collagen sponge after pressing. The mechanical characterization, although important, is out of the scope of this study, as the authors sought to conduct a histological analysis focused on the inflammatory cellular response. For this reason, the authors simulated the handling of the collagen sponge as it would be handled in the clinical practice.
According to our findings, it is clinically relevant that pressing the collagen sponge during its application reduces the size of the sponge's porosity, delays its early degradation rate, diminishes the absorbance coefficient, and avoids vessel formation in its interior. Applying a pressed biomaterial to control hemorrhage in bone defects could function during the healing process as a space holder biomaterial, however, undergoing disintegration before bone formation and leading to a collapse of the treated bone defect, i.e., in cases of bone healing of the alveolar socket after tooth extraction [49] . On the other hand, a pressed biomaterial could be indicated for GBR/GTR. In that sense, within the limitations of this study, the results show that the same biomaterial may have two specific clinical indications. The present findings call for translational studies to further understand the implications of biomaterial handling and the effect of their modification in the clinical practice.
Conclusion
The present study evaluated the influence of modifying a collagen sponge biomaterial over the inflammatory cellular reaction ex vivo and in vivo. Based on our results, a collagenderived hemostatic sponge of equine origin induced a chronic inflammation with a higher presence of pro-inflammatory macrophages and a low number of MNGCs. Pressing the hemostatic sponge before its implantation modified the initial biomaterial-cell interaction and altered the degradation rate of the biomaterials. The ex vivo study using platelet-rich fibrin showed to be a reliable model to simulate the initial biomaterial-cell interaction. Altogether, it is here shown the relevance of the preclinical characterization of the tissue reaction to biomaterials using animal models. The results bring to attention the importance of the correct manipulation of biomaterials during their application in the clinical practice. Recent practices attempt to enhance biomaterials with different additives-such as platelet concentrates-in an effort to accelerate wound healing. In this regard, altering the original presentation of a biomaterial may result in unexpected clinical outcomes that call for further histological studies. Finally, the results provide insight into the possibility of developing versatile biomaterials with multiple applications. Compliance with ethical standards Ethical approval for the manipulation of human samples was obtained from the ethical committee of the Goethe University of Frankfurt (IRB No. 265/17). The animal experiment was designed and conducted according to the ARRIVE guidelines and the EU Directive 2010/63/EU for animal experiments [27] . Ethical approval was obtained from the regulating authorities of Darmstadt, Germany and the ethical committee of the University of Frankfurt (Approval No. FK/1023).
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